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Likely hot spots for mutations are mitochon-
drial sequences as there is less repair and
more damage by carcinogens compared with
nuclear sequences. A somatic 50-bp mitochon-
drial D-loop deletion was detected infour gas-
tric adenocarcinomas. The deletion included
the CSB2 region and wasflanked by 9-bp direct
repeats. The deletion was morefrequent in ad-
enocarcinomas arising from the gastroesoph-
ageal junction (4/32, 12.5%) compared with
more distal tumors (0/45). Topographical anal-
ysis revealed the absence of the deletion from
normal tissues except in focal portions of
smooth muscle in one case. In two cases, appar-
ent mutant homoplasmy was present throughout
two tumors, including their metastases. In the
two other cases, the mutation was present in
only minor focal portions (<5%) of their pri-
mary tumors. These findings document the
presence of somatic mitochondrial alterations
in gastric cancer, which may reflect the envi-
ronmental and genetic influences operative
during tumorprogression. (AmJ Pathol 1995,
147:1105-1111)

Gastric cancer likely occurs after the accumulation
of multiple mutations in critical oncogenes and tumor
suppressor genes. The exact number and types of
mutations necessary for malignant transformation
are unknown. Aside from loci such as c-K-ras,12
p53,3 E-cadherin,6 and multiple microsatellites in
tumors with a mutator phenotype,7-9 the mutations in
gastric cancer are largely uncharacterized.

Mutations in cancer may arise because they pro-
vide selective value or because some loci are more

prone to alteration. One likely hot spot for mutations
is mitochondrial DNA (mtDNA) as it is preferentially
modified by many carcinogens10-13 and its re-
pair1,1415 is less efficient compared with nuclear
DNA. Because there can be several thousand mito-
chondrial genomes per cell,15 it is unlikely that most
mitochondrial mutations are immediately deleterious
or specifically contribute to tumorigenesis. However,
the types of mitochondrial mutations may reflect un-
derlying genetic and environmental influences on the
malignant clone, similar to the relative specificity of
p53 mutations exhibited by different cancer types.16
In this paper, we demonstrate in some gastric can-
cers a mitochondrial D-loop alteration.

Materials and Methods

Tumor Tissues
The 77 primary gastric adenocarcinomas were from
gastrectomies performed at the Mayo Clinic. DNA
was extracted from paraffin-embedded tissues as
previously described.9 Gastroesophageal tumors
are defined as adenocarcinomas involving the gas-
tric cardia.

Analysis of Mitochondrial D-Loop
A 445-bp portion of the human mitochondrial D-loop
(bases 75 to 520 as numbered by Anderson et al17)
was amplified with four sets of overlapping poly-
merase chain reaction (PCR) primers from the com-
posite tumor sections. The primers that detected the
deletion are SB317 (5' TCCACACAGACATCATA-
ACA, upstream) and SB318 (AAAGTGCATACCGC-
CAAAAG, downstream) and normally yield a 155-bp
PCR product (mitochondrial bases 270 to 42517).
PCR was performed for 44 cycles (95°C for 60 sec-
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Figure 1. A: The mitochondrial D-loop 50-bp deletion detected in thegastric cancers involves 9-bp direct repeats and deletes CSB2. B: The breakpoint
sequence places a mitochondrial transcription factor binding site (mtTF-X) into CSB3. Sequence homologies between HSP and CSB3 and between
mtTF-X and mtTF-H are noted. C: The deletion potentially activates CSB3 to a transcription start site, similar to HSP.

onds, 580C for 50 seconds, and 72°C for 60 sec-

onds) in the presence of [33P]dCTP (DuPont, Wilm-
ington, DE). The labeled PCR products were

analyzed by SSCP as previously described.9 The
aberrant bands were cut out from the acrylamide gel,
cloned, and sequenced.9

Topographical Analysis for the Mitochondrial
Deletion

Selective ultraviolet radiation fractionation (SURF)
was performed as previously described9 18 for the
four tumors with the deletion. From each tumor or

normal fraction (approximately equal to 50 cells),
PCR was performed for 44 cycles as above either
with or without labeled dCTP. The presence of the
deletion in each region was confirmed either with
SSCP gel analysis, size analysis with a sequencing
gel, or dot blot analysis and 32P-labeled allelic spe-

cific hybridization probes. The sequence for the de-
letion probe was TTTCCACCAAACCCCAAAAA. The
topographical distributions were analyzed at least
twice from independent tissue sections to verify the
locations of the deletions.

Analysis for Non-D-Loop Deletion
Associated with Aging
A 4977-bp mitochondrial deletion involving coding
regions will yield a PCR product only when the de-
letion is present.19 PCR was performed with primers
MT1 and MT219 for 52 cycles and the PCR products
were analyzed with a 1% ethidium-bromide-stained
agarose gel. The positive control was DNA extracted
from the heart of an elderly individual, known to have
low levels of this deletion.19

Results

A portion of the human mitochondrial D-loop was

amplified from 77 gastric adenocarcinomas and then
examined with SSCP. In four cancers, similar but
altered bands distinctly different from the patterns
obtained from adjacent normal tissue were ob-
served. These altered bands were cloned and se-

quenced to reveal identical 50-bp deletions that in-
volved flanking 9-bp direct repeats (Figure 1). This
deletion eliminates a functional region (conserved
sequence block 2 or CSB220) but places a mitochon-
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Figure 2. Topographical distribution of the mitochondrial deletion in
the four gastric adenocarcinomas. The metastasis in tumor A repre-
sents a recurrence in the adrenal, resected 1 year after the gastrectomy.

drial transcription factor binding site (mtTF "X"21) into
CSB3. The presence of this deletion in the tumors
was confirmed by independent PCR assays with
allelic specific hybridization probes, size analysis on

sequencing gels, and SURF (see below). This dele-
tion has not been reported as a normal polymor-
phism.22 A larger 4977-bp deletion of coding mtDNA
associated with flanking direct repeats and aging19
could not be detected in the tumors with the D-loop
deletion.
To further characterize this deletion, its topo-

graphical distribution was determined by SURF (Fig-
ure 2). The microdissection of tumors into small 200-
to 400-cell fractions by SURF facilitates analysis of
relatively pure (>70%) tumor cells from different tu-
mor regions. In tumors A and B, the deletion was

homogeneously present throughout the primary tu-
mor and all metastases (Figure 3). The deletion ap-

peared to be homoplasmic in the tumor cells as it
was their predominant mitochondrial species. Small
amounts of wild-type mitochondrial sequences could
be detected in tumor fractions and are presumed to
originate from contaminating normal cells. However,
the possibility of minor tumor heteroplasmy cannot
be strictly eliminated. The deletion was not detected
in normal lymphocytes or mucosa, but a small
amount was present in less than 10% of the smooth
muscle fractions of tumor A (Figure 3).

In tumors C and D, the deletion was absent from
most of the primary tumor and all metastases. The
deletion could be detected only from focal, small
portions (approximately 5%) of these primary tumors
(Figure 4). In tumor C, the deletion appeared to be
the predominant mitochondrial species in some of
the malignant cells (Figure 4). The focal portions with
the deletion were present in the submucosa of the
primary tumors and did not have histological fea-
tures distinctive from the bulk of tumor without the
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Figure 3. Size analysis of labeled mitochondrial PCR products from
different carcinoma or normal ( mucosa and stroma) regions oftumor
A (6%o acrylamide sequencing get). The deletion is evident in every
carcinoma region and absentfrom the normal tissue regions exceptfor
a small amount present in one smooth muscle fraction (*). The dele-
tion is thepredominant mitochondrial species in the carcinoma, and
the small amount of the wild-type sequences may reflect contamina-
tion by normal cels in the tumor fractions or residual wild-type
sequences in the tumor cells.

deletion (Figure 5). The deletion could not be de-
tected from the normal tissues of these patients.

All four gastric adenocarcinomas with the deletion
arose at the gastroesophageal junction. Its incidence
was significantly higher (P = 0.0257) in tumors arising
at the gastroesophageal junction (4 of 32, 12.5%) com-
pared with more distal gastric adenocarcinomas (0 of
45). The clinical and pathological features (Figure 5) of
the four tumors were otherwise not distinctive (Table 1).
The tumors did not have prominent eosinophilic gran-

ular (oncocytic) cytoplasm. Interestingly, the patient
with tumor B is still alive 13 years after gastrectomy with
stage Ill disease. Microsatellite instability, the presence
of Epstein-Barr virus, and p53 or c-K-ras mutations
were not detected in these tumors (Table 1).

Discussion

Mitochondrial mutations may reflect the environmen-
tal and genetic backgrounds of a tumor. The mito-
chondrial genome is approximately 16,000 bases in
size with several thousand genomes per cell. Up to
80% of these genomes can be mutated without phe-

23notypic consequences, 3 and it has long been ob-
served that some tumors predominantly utilize gly-
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Figure 4. A: Dot blot analysis ofdifterentfractionsfrom a single tissue
slide of tumor C. Some of the different fractions are illuistrated in a

digital image (B) of the tumor and its protective dots (magnification,
x 20). The labels corresponid between the dot blot and the digital image
uith only regions B6 and C1 havin,g the mitochondrial deletion.
Evidence of homoplasmyoJbr the deletion is evident in Cl as virtually
nio wild-type sequences are evident.

24~~~~~~~~~~~2colysis" or even totally lack mitochondria.25
Therefore, deleterious mitochondrial mutations can

potentially accumulate in cancers without immediate
negative selection.

Mitochondrial sequences also evolve 10 to 17
times faster than comparable nuclear sequences.23

Factors contributing to its more rapid evolution in-
clude a limited capacity to repair mtDNA14 15 and its
replication by the more error-prone DNA poly-

merase-y.1526 In addition, mtDNA appears to be
more vulnerable to damage by carcinogens.27 Cell
culture studies have demonstrated more DNA dam-
age (adduct formation) that is repaired less com-

pletely than nuclear DNA. 10-13 The high lipid content
(thought to concentrate hydrophobic carcinogens)
and high concentration of reactive oxygen species in

Figure 5. Histology of the tumors uwith mitochondrial deletions. A:

TumorA (H&E; magnification, X 400). B: Focal region oftumor C u'ith
the de-letion (H&E; magnification, X200). Oncocytic features are ab-
sent. Note that normal stromal cells are intimately present within the

tuimorN and mqay represent the source of the normal mitochondrial
sequences present in small amounts in the tumor fractions.

mitochondria may account for the increased dam-
age. 1213,28

Despite these features, mitochondrial mutations
have not been commonly detected in cancers. In

general, homoplasmy (the same mtDNA in all cells)
has been found in humans.29 Heteroplasmy has
been detected in rare myopathies associated with
mitochondrial-related diseases.23 In normal individ-
uals, one general exception are large deletions that
increase in frequency with aging, primarily in nonmi-
totic (brain and heart) tissues.1930 However, the fre-
quency of this deletion is low (1/1000 mtDNA copies
or less). Mitochondrial mutations in human solid tu-
mors have been reported in isolated case re-

ports.31'32 However, one case involved large
7000-bp deletions present in surrounding cirrhotic
liver but absent from the hepatic cancer.31 The other
example of two renal oncocytomas was character-
ized only as an extra band with Southern blot anal-
ysis32 and has not been further characterized or

confirmed.33 One recent study sequenced a portion
of the mitochondrial D-loop in colorectal cancers and
failed to find mutations.34

The etiologies of the D-loop deletions and con-

version to mutant homoplasmy are unknown. Slip-
page during DNA replication is a likely mechanism
as direct repeats were present at the deletion
sites.35 Large human mtDNA deletions also com-

monly involve flanking direct repeats.36 Small de-
letions involving direct repeats have been ob-
served in mitochondrial mutator strains of petite
yeast,37 suggesting a possible genetic basis for
the observed human deletions. Interestingly, the
yeast nuclear genes, MSH1 and MSH2, are in-
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Table 1. Clinical Information

Other mutations

Tumor Size (cm) Grade TNM Stage Clinical data USM p53 c-K-ras EBV

A 10x4x2 4 T2NOMO 2 75 WM, alive with disease
(26 months)

B 7x6x1 3 T4N2MO 3 66 WM, alive without disease NT NT
(13 years)

C 8x5x2 3 T2N3M1 4 48 WM, dead with disease
(21 months)

D 6x4x1 4 T2N1MO 3 66 WM, dead with disease NT NT
(46 months)

Clinical data include age (in years), race and gender, and status. Other mutations were determined as previously described. USM,
ubiquitous somatic mutations9; p539; c-K-ras44; EBV, Epstein-Barr virus45. WM, white male; NT, not tested.

volved, respectively, in mitochondrial and nuclear
DNA repair.3" The D-loop deletions were more
frequent in proximal gastric adenocarcinomas,
which have a distinct epidemiology compared with
more distal cancers.39 The mechanism for the con-
version from presumed heteroplasmy to mutant
homoplasmy is also unknown but may involve a
replicative advantage for the deletion or could oc-
cur if only a fraction of all mtDNA copies in a cell
are selected for replication. Segregation of hetero-
plasmic yeast to homoplasmy occurs after several
mitotic divisions.38
The possibilities that this deletion represents con-

version from minor germline heteroplasmy or normal
changes that occur in the stomach or with aging
cannot be strictly eliminated. However, except for
one tumor, the deletion was not detectable in normal
tissues. In this tumor, the very low levels of the de-
letion in smooth muscle but not normal mucosa may
reflect a genetic propensity for the mutation or sys-
temic exposure to a carcinogen. The D-loop dele-
tions were also not associated with a general mito-
chondrial deletion aging phenomenon.1930

The D-loop was targeted for mutational analysis
becaue it is the only noncoding portion of the mito-
chondrial genome. Therefore, the D-loop has less
constraints on the types of alterations it may acquire.
However, the D-loop does contains essential tran-
scription and replication elements (Figure 1). Inter-
estingly, the 50-bp deletion largely preserved these
elements. In vitro analysis has identified three con-
served sequence blocks (CSBs) associated with
heavy strand replication40 and a heavy strand pro-
moter (HSP) and light strand promoter for the tran-
scription of the heavy and light mitochondrial
strands.41 Replication initiates with a RNA primer at
the light strand promoter with subsequent DNA syn-
thesis from CSB1, -2, or -3.442 As the deletion elim-
inated CSB2, the persistence of the mtDNA lacking
CSB2 implies that CSB1 and CSB3 alone can sup-

port replication. The deletion may have also created
a new functional HSP from CSB3 (Figure 1). CSB3
has strong homology to HSP although significant
transcription from CSB3 has not been observed.41
The juxtaposition of a mtTF binding site into CSB3
may unmask its potential and allow transcription. The
exact functional consequences of this deletion is
unclear and currently under investigation.
The topographical distributions of the deletion

provide insight into the evolution of their tumors. In
tumors C and D, the deletion identified minor clonal
tumor subpopulations that did not invade through the
muscularis or metastasize. The deletion likely arose
during clonal expansion and suggests that its selec-
tive value to these tumors is low. In contrast, for
tumors A and B, the deletion appeared to be ac-
quired before the bulk of clonal expansion and per-
sisted in the invasive and metastatic portions. The
potential of the transformed clones may be limited by
acquiring apparent homoplasmy of the deletion very
early in tumor progression.

The study of human tumors is often limited to
single observations. The topographical distribution
of tumor-associated mitochondrial mutations may
improve the ability to dissect and identify the multiple
populations that must occur during multi-step tumor
progression.43 Other types of somatic D-loop alter-
ations have also been observed in gastric and lung
cancers (unpublished data), and the specific mito-
chondrial changes may indicate the types of envi-
ronmental and genetic influences operative during
tumor progression.
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